Abstract. In this paper, closed-form solutions were used to analyze the response of eight laterally loaded rigid piles obtained from field test, centrifuge test, and 1g laboratory model tests, allowing the modulus of subgrade reaction and the profile of limiting lateral resistance force per unit length (LFP, p u profile) to be back calculated. The study shows that (1) with a constant modulus of subgrade reaction, a linear increasing LFP and elasto-plastic p ~ y curves, the response of laterally loaded rigid piles can be well predicted in the framework of load transfer approach; (2) the gradient of the LFP is 0.64 ~ 3.0 times that of the Barton LFP; and (3) the gradient of the LFP and modulus of subgrade reaction increases approximately linear with the confining pressure in the model tests.
Introduction
Pile foundations are frequently used to support structures, such as electrical transmission towers, bridge abutments and offshore wind turbines. These structures usually experience lateral static and cyclic loading generated by wind, wave, and current. A number of approaches have been developed to investigate the behavior of piles subjected to lateral loading [1] [2] [3] [4] [5] [6] [7] . Recent study reveals that response of a laterally loaded pile is dominated by the profile of limiting lateral resistance force per unit length (LFP) mobilized along the pile and depends on the pile-soil relative rigidity [6] . Several methods have been developed for predicting lateral capacity of rigid piles based on an assumed profile of soil resistance per unit length along a pile. However, they generally offer different predicted ultimate lateral capacity [7] . Alternatively, an LFP may be deduced from the analysis of test results using closed-form solutions. Such study has been conducted for 52 laterally loaded flexible piles tested in clay and sand [6] .
In this paper, elasto-plastic solutions were used to assess the measured response of piles from field, centrifuge and 1g laboratory model tests. The results allow the effect of pile flexibility, modulus of subgrade reaction distribution and confining pressures to be investigated. The deduced limiting force profiles were compared with the existing LFP for sands.
Gibson k hereafter. Where the soil resistance reaches the limiting p u , relative slip takes place along the pile-soil interface and extends to a depth z 0 , which is called pre-tip yield state. With increasing load the pile-soil relative slip may also initiate from the pile tip (z = l) and expand upwards to another depth z 1 (see Fig. 1(c) ). The two plastic zones tend to merge at which the pile reaches the ultimate state, i.e. yield at rotation point (z 0 =z 1 =z r ). It is assumed that the p u varies linearly with depth z and is described by p u =A r dz, where A r d is the gradient of the LFP. The solutions allow the nonlinear responses (e.g. load, displacement, rotation and maximum bending moment) to be readily estimated, using the two parameters k and A r . Conversely, the two parameters can be deduced from the measured results of pile tests. The solutions are presented in explicit expressions in Table 1 for pre-tip yield state and have been implemented into a spreadsheet program to conduct investigation. 
Note: T t , u, u 0 , ω , z, z 0 , z r, e and l are defined in Fig. 1 .
Analysis of Test Results
Field Test A full-scale 0.75 diameter pier was tested in a deposit of cohesionless soil at Waiouru, New Zealand [8] . The pier was cast in a pre-bored hole to an embedded depth of 1. Table 2 . The comparison also indicates that the solution with a constant k offers a better estimation against measured piles responses than that based on Gibson k for the same A r .
Centrifuge Tests Three centrifuge model tests were conducted on laterally loaded piles in uniform fine-grained dry sand at an acceleration of 50 g [9] . The pile was instrumented with five pairs of strain gauges to measure the bending moments along the pile length. Among them, a prototype steel pipe pile (pile P2 [9] 
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pile head displacement u t curve is plotted in Fig. 3(a) . The distribution of bending moment, shear force and pile displacement with depth at T t = 1304 kN are plotted in Fig. 3 Fig. 3 . The predictions generally bracket the measured pile response using the Gibson k and constant k, with a marginally better match using the Gibson k. However, the solutions overestimate the pile displacement around pile tip in Fig.  3(b) , showing that the tested pile maybe relatively flexible.
Model Tests
Model tests were conducted on a pile subjected to lateral loading in air-dried coarse angular sand [10] . The pile has a diameter of 168.3 mm and was installed to an embedment depth of 1.2 m. The sand has a unit weight of 16.24 kN/m 3 and internal friction angle of 32°. The model ground was prepared in a steel chamber lined with air bladder and varying confining pressure was applied to the sand. Six tests were conducted at a confining pressure p c of 0, 20, 40, 60, 80 and 100 kPa, respectively. The lateral load was applied at 0.195 m above the model ground surface for all the tests. The measured load T t ~ pile displacement at the loading point u t curves are plotted in Fig. 4(a) . The distribution of bending moment and pile displacement with depth under certain lateral loads are plotted in Fig. 4(b) to 4(d) . Back calculations were made for all tests and the deduced parameters A r , k and k 0 are presented in Table 2 . The predicted curves of T t ~ u t and distributions of bending moment and displacements are also plotted in Fig. 4 . The analyses show the following features:
1. Taking the same value of A r , the solutions with a constant k gives better match with the measured pile responses as shown in Fig. 4(a) . Therefore, except for tests with p c = 0 kPa and 20 kPa, the other four tests were analyzed using the solutions with constant k only. 2. The solutions well capture the displacements for all the piles, but generally overestimating the displacements at ground surface by 15 ~ 20% in Fig. 4 (c) and 4(d). 3. Fig. 4(b) shows the distributions of bending moment down the pile were well predicted, especially for confining pressure from 40 kPa to 100 kPa, while the maximum bending moment M max was overpredicted by ~ 30% for tests under 0 kPa and 20 kPa. The predicted M max occurs at a depth of 0.36 m below the ground surface for all the piles, while measured depth of maximum bending moment is 0.41 m [10] . Overall, the depth at which the maximum bending moment occurs can be crudely taken as one third of the embedded depth. 4. The deduced A r and k increases as the confining pressure p c increases from 0 kPa to 100 kPa, as shown in Fig. 4(e) . This is expected because higher confining pressure offers larger soil resistance, resulting in greater capacity for piles sustained lateral loading. [10] . This is owing to that, in their study, the ultimate loading capacity was obtained as the load at 6.25 mm pile displacement at the loading point; whereas the ultimate load capacity in the current study is determined at yield at rotation point [7] . Table 2 show N g = 3.0, 1.16 and 0.64 for the field test, centrifuge test and model test at p c = 0 kPa. Thus the N g for rigid pile is on average 60% higher than the average of the Barton LFP, which is consistent with that obtained from the analysis of 51 pile tests results [11] . The analysis of 20 laterally loaded flexible piles in sand gives N g = 0.4 ~2.8, but for p u varying with z 1.7 to reflect the impact of pile flexibility [6] .
Conclusion
The responses of laterally loaded piles were back calculated using closed-form solutions against the results from field test, centrifuge test and 1g laboratory model tests. The results allow the effect of pile flexibility, modulus of subgrade reaction distribution and confining pressures to be investigated. The study shows (1) with a constant modulus of subgrade reaction, a linear increasing LFP and elasto-plastic p ~ y curve, the response of laterally loaded rigid piles can be well predicted in the framework of load transfer approach; (2) the gradient of the LFP is 0.64 ~ 3.0 times that of the Barton LFP; (3) the gradient of the LFP and modulus of subgrade reaction increases approximately linearly with the confining pressure in the model tests.
